Apoptosis is a rapid type of cell death which is considered by Kerr and colleagues (1, 2) to differ distinctively from coagulative necrosis. Major morphologic characteristics of the early stages of apoptosis versus necrosis are summarized in Table 1 . Unlike coagulative necrosis, cells undergoing apoptosis do not show evidence of either increased plasma membrane permeability or loss of intracellular ATP until after the characteristic early morphologic changes have appeared (2) . During apoptosis, individual cells condense and form surface blebs containing intact organelles. The blebs are pinched off and the "apoptotic bodies" are phagocytized and digested by neighboring cells (2) . In necrosis, groups of cells are affected by characteristic swelling prior to the breakdown of plasma and organelle membranes which leads to cell disintegration (2) . The two processes may both occur in the same tissue but be separated temporally or spatially; for example, after portal vein ligation, Kerr (3) found coagulative necrosis in liver centrolobular zones concomitant with apoptosis in scattered cells around the necrotic areas.
Mechanisms underlying the process of apoptosis are uncertain; although there is some evidence for an active initiation of coordinated events within cells destined for apoptosis (2, 4) . Wyllie et al. (4) suggest that apoptosis is a selective removal of cells to insure the survival of the *Chemical Pathology Laboratory, The University of Texas Medical Branch, Galveston, TX 77550.
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tAuthor to whom correspondence should be addressed. organism itself. Apoptosis has been observed in tissues during embryonic development, metamorphosis and neoplasia; as a response of cells or tissues to abrupt hormonal changes; after attachment of "allergized" T lymphocytes and following exposure to ionizing radiation and certain radiomimetic-chemotherapeutic agents (1, 2) . However, morphologic changes characteristic of apoptosis have not previously been described following poisoning with a halogenated hydrocarbon.
1,1-Dichloroethylene (1,1-DCE) is a model hepatotoxin which produces morphological alterations in fasted animals that are strikingly different from those produced by the classic hepatotoxin, carbon tetrachloride (5) . In this paper we describe structural, functional and biochemical changes that occur in the livers of fasted rats after 1,1-DCE poisoning. Emphasis is given to the early changes found during the first 2 hr after 1, 1-DCE administration, since, by 4 hr, centrolobular hepatocytes are largely replaced by masses of ruptured membranes, thrombi and dead cells (5, 6) .
These studies were conducted with fasted male Sprague-Dawley rats (225-375 g) given 200 mg 1,1,-DCE/kg in mineral oil, PO, between 9 and 11 AM. Control rats received only mineral oil.
Ultrastructural Changes
One hour after administration of 200 mg 1, 1-DCE/kg, centrolobular hepatocytes show slight morphological alterations (Fig. 1 
Histochemical Evaluation of Organelle Functional Integrity
Enzymatic histochemistry of quick frozen tissue was used to detect slight or focal alterations in the functional integrity of cell organelles (6) . Histochemical staining of bile canalicular Mg2+-ATPase and inner mitochondrial membrane succinate dehydrogenase activities (Fig. 4) Modified from Chieco et al. (6) .
As shown in Figure 5 , rates of bile secretion, relatively stable during the hour before 1, 1-DCE or mineral oil administration, gradually declined in the control rats while precipitously declining in the 1, 1-DCE-treated rats. Biliary inulin clearance, as assessed by the bile/plasma inulin ratio, rapidly increased between 1 317 t I and 2 hr after 1,1-DCE. This increased concentration of inulin in the bile of 1,1-DCE-treated animals could be due to an increased transfer of inulin to bile canaliculi through hepatocytes with "leaky" plasma membranes. However, the liver/plasma inulin ratios of the control and 1,1-DCE-treated groups (0.33 ± 0.02 and 0.37 ± 0.02, respectively) were not appreciably different at 4 hr. Alternatively, the increased biliary inulin concentration could be due to an increased transfer of inulin across the paracellular route, possibly due to weakening of the semipermeable junctions that form the boundary between canalicular and lateral intercellular spaces of neighboring hepatocytes. Increased biliary clearance of inulin by this latter route may be related to the observed retraction of cell borders at early times after 1,1-DCE administration (Figs. 1 and 2 ).
Plasma Membrane Permeability
Serum activities of liver-derived transaminases were not increased above control values (Fig. 6) either by 1 hr after 1, 1-DCE administration when morphologic alterations were relatively slight (Fig. 1) or at 2 hr when (Fig. 2) . The serum transaminase activities increased abruptly between 2 and 3 hr. Prior studies of the time-course of liver metal alterations (5, 6) indicated that liver sodium content increased during the first hour after 1,1-DCE, whereas liver calcium content did not increase until after 2 hr, concomitant with decreases in liver potassium and magnesium. This early solitary rise in sodium may be due to the observed formation of vacuoles and plasma membrane invaginations (Figs. 2 and 3 ) which presumably contain sodium-rich plasma. The absence of increases in serum activities of liver-derived enzymes and of alterations in liver metal contents (other than sodium) until times later than 2 hr after 1, 1-DCE administration suggests that the plasma membranes of the majority of liver cells retain their integrity during the initial 2-hr period.
Biochemical Alterations
Metabolism of 1, 1-DCE by the liver apparently occurs by a two-phase process with an initial NADPHcytochrome P-450-mediated activation of the compound to electrophilic intermediates (10) , followed mainly by a glutathione (GSH) S-transferase mediated detoxification of these intermediates. Products of GSH conjugation are the major urinary metabolites of 1,1-DCE (11) . Liver GSH contents rapidly decline during the first 2 hr after 1,1-DCE administration, but, by 4 hr, have begun (Table 2) . Lesser amounts of bound 14C-label were recovered in fed animals which are markedly less vulnerable to the hepatotoxicity of 1, 1-DCE than fasted animals (12) . Covalent binding of reactive 1,1-DCE (14) . Cytosolic glutathione S-transferase activities toward DCNB and ENPP were diminished to about half of control values within 1 hr, while statistically significant changes in cytochrome P-450 and cytochrome P-450 reductase did not occur until 3 hr.
intermediates to vital cell constituents is one possible mechanism for the hepatotoxicity of 1,1-DCE.
Enzymes potentially involved in the detoxification phase of 1,1-DCE metabolism are deactivated during the first hour after DCE administration (13) . Liver cytosolic GSH S-transferase activities toward some, but not all, substrates were diminished by 40-55% at 1 hr after 1,1-DCE administration (Fig. 7) . Appreciable decreases in cytochrome P-450 content and in the activities of cytochrome P-450 reductase were not seen until 3 hr after 1,1-DCE. The catastrophic hepatotoxicity of 1,1-DCE could be a consequence of the continued capacity of liver cytochrome P-450 enzymes to activate 1,1-DCE to reactive intermediates after liver cells have lost their capability to detoxify 1,1-DCE reactive metabolites through GSH S-transferase-mediated conjugation reactions.
Conclusion
1,1-Dichloroethylene produces cell injury in a characteristic morphologic pattern which proceeds rapidly to classic cell necrosis. In addition, 1,1-DCE appears to elicit a second type of cell death in scattered hepatocytes and at very early times. This selective cell destruction resembles apoptosis with regard to the nuclear changes, surface blebbing and formation of "apoptotic" bodies. The mechanisms by which administration of 1,1-DCE results in different forms of cell death are unknown. The significance of the relationships between the biochemical changes observed during the first 2 hr after 1,1-DCE administration and the appearance of the morphologic phenomena characteristic of apoptosis remains to be delineated. NOTE ADDED IN PROOF: Recent studies (15) indicate that appreciable movement of inulin from blood to bile occurs by rapid vesicular transport across the hepatocyte. Therefore, the increases in biliary inulin observed in the 1,1-DCE-treated animals may not necessarily reflect altered transfer of this marker solute by the paracellular route.
